Comprising over 15 000 living species, decapods (crabs, shrimp and lobsters) are the most instantly recognizable crustaceans, representing a considerable global food source. Although decapod systematics have received much study, limitations of morphological and Sanger sequence data have yet to produce a consensus for higher-level relationships. Here, we introduce a new anchored hybrid enrichment kit for decapod phylogenetics designed from genomic and transcriptomic sequences that we used to capture new high-throughput sequence data from 94 species, including 58 of 179 extant decapod families, and 11 of 12 major lineages. The enrichment kit yields 410 loci (greater than 86 000 bp) conserved across all lineages of Decapoda, more clade-specific molecular data than any prior study. Phylogenomic analyses recover a robust decapod tree of life strongly supporting the monophyly of all infraorders, and monophyly of each of the reptant, 'lobster' and 'crab' groups, with some results supporting pleocyemate monophyly. We show that crown decapods diverged in the Late Ordovician and most crown lineages diverged in the Triassic-Jurassic, highlighting a cryptic Palaeozoic history, and post-extinction diversification. New insights into decapod relationships provide a phylogenomic window into morphology and behaviour, and a basis to rapidly and cheaply expand sampling in this economically and ecologically significant invertebrate clade.
Introduction
Decapod crustaceans, broadly categorized into 'shrimp', 'lobsters' and 'crabs', are embedded in the public consciousness due to their importance as a global food source worth over $24 billion [1] . Several ornamental species are popular in the pet trade [2] , and crayfish may be promising models for cancer and ageing research [3] . Furthermore, decapods are a major faunal & 2019 The Author(s) Published by the Royal Society. All rights reserved.
component of a bewildering variety of global habitats: open ocean, seafloor vents and seeps, caves, coral reefs, mangroves and estuaries, intertidal mud and sand, freshwater streams and lakes, semi-terrestrial locations and in symbiosis with other animals (figure 1). Decapods have diversified over the course of 455 million years, with over 15 000 living and 3000 fossil species recognized in approximately 233 families [4, 5] . Despite the economic and ecological significance of the clade, higher-level phylogenetic relationships among decapods have proven recalcitrant.
The majority of work is restricted to studies using morphology [6] [7] [8] , up to nine targeted mitochondrial and nuclear genes [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , and complete mitogenomes of 13 genes [19, 20] . Mitogenomic data can be problematic for reconstructing ancient nodes [21] , and indeed, deeper relationships receive poor support [20] . As part of a larger analysis, decapods were included in a recent transcriptomic study [22] , but with limited taxon sampling within the order. This plurality of results, several based on the same underlying data [21] , has reported conflicting deep relationships among decapods. Without a robust phylogeny, comparative inferences about morphology, development, ecology and behaviour are limited.
Herein, phylogenomic sequencing of nuclear genes is leveraged for the first time in decapods, using anchored hybrid enrichment (AHE), a technique previously applied to vertebrates [23] , plants [24] and clades of terrestrial arthropods that have diverged at least 100 Myr more recently than decapods [25] [26] [27] . AHE targets conserved coding regions that are flanked by less conserved sequence regions, with the goal of optimizing phylogenetic informativeness at multiple levels of divergence [23] . Unlike popular transcriptomic approaches, AHE does not require fresh or specially preserved tissues (critical as many lineages are rare, confined to the deep sea and/or have complicated life histories). Instead, AHE allows the use of ethanol-preserved specimens; however, prior genomic and/or transcriptomic data are required to determine genomic target regions.
Here, we combine new genomic and transcriptomic sequences to build AHE probes spanning all of Decapoda, sequenced for 86 species and seven outgroups. The enrichment kit we constructed can easily be used by the systematics community for future studies of decapod evolution. Ours is the first example of a strongly supported phylogenomic analysis including almost all major decapod lineages, and the largest dataset yet compiled for this group. With the inclusion of 19 vetted fossil calibration points, we also present the first divergence time analysis incorporating a well-supported topology for the entire decapod clade.
Methods (a) Probe design
Target AHE loci were identified using our previous workflows [25 -27] (electronic supplementary material, figure S1 ). Targets were based on genomic resources from 23 decapod species (electronic supplementary material, table S1), including new genomic data from nine species (approx. 6 -31Â coverage; electronic supplementary material, table S2) and four new transcriptomes (electronic supplementary material, tables S3 and S4). Bestmatching reads were identified in the two highest-recovery taxa (table 1, refsA) , as well as reference sequences from the red flour beetle Tribolium castanaeum [25, 27] , resulting in 823 preliminary AHE target sequences. As in [25] , we screened exemplar transcriptomes from five major decapod lineages (table 1, refsB) for the best-matching transcript, and aligned in MAFFT v7.023 [28] , requiring representation in at least four of the lineages and resulting in 352 final AHE targets.
We used additional genomic resources (electronic supplementary material, table S1) to build alignments from six major lineages representing the diversity of decapods (Achelata, Anomura, Astacidea, Brachyura, Caridea, Dendrobranchiata). Raw reads from these species were mapped to the references above to extend probes into flanking regions [25] . For each combination of target region and major lineage, an alignment containing all recovered sequences was created in MAFFT. We identified and masked intronic and repetitive regions, based on the best-matching genomic region in the published red cherry shrimp (Neocaridina denticulata) genome [29] . Probes were tiled at 4Â density across all sequences in each alignment and divided into two Agilent SureSelect XT kits (electronic supplementary material, [30] . A total of 675 exons were identified with approximately 40% coverage across AHE sequenced taxa (as the 352 final AHE targets included non-coding regions, there are thus more exons than final targets). The E. sinensis amino acid sequences for these 675 exon-based reference loci were used for iterative baited assembly (IBA) and orthology screening following Breinholt et al. [26] , except where noted in electronic supplementary material, Extended Methods S1f -g.
(c) Phylogenomics
The main data matrix used for phylogenetic analysis comprised 410 exon-based loci with at least 60% of the taxa represented in each locus (electronic supplementary material, figure S2 ). We inferred phylogenetic relationships using several methods (electronic supplementary material, Extended Methods S1i-j). Bayesian inference was conducted on amino acid matrices with PHYLOBAYES v. 3.3f [31] using the CAT-GTRþG substitution model. Maximum-likelihood analyses used IQ-TREE v. 1.6.3 [32] on 149 best-fitting partitions identified by PARTITIONFINDER [33] . Coalescent methods were applied with gene trees inferred in IQ-TREE as inputs to estimate the species tree in ASTRAL-III v. 5.6.1 [34] .
(d) Divergence time estimation
We identified 19 fossil calibrations across Decapoda, based on best practices [35] (electronic supplementary material, Extended Data S2 and table S7). All internal calibrations used soft bounds with 5% of the probability distribution allowed outside of the input ages. We applied a g-distributed root prior based on crown Eumalacostraca [35] with a mean age of 440 Ma and s.d. 20 Myr. Divergence times were estimated in PHYLOBAYES using a fixed topology from our preferred tree (figure 2), the royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190079
CAT-GTRþG substitution model on the top 50 loci [36] , both the autocorrelated CIR and uncorrelated UGAM clock models, and two runs of four MCMC chains each.
Results and discussion (a) Target capture success
We successfully sequenced targeted regions from 94 species representing 11 of 12 major decapod lineages. We attempted to include Neoglyphea inopinata, one of only two living members of Glypheidea (deep sea lobsters with a diverse fossil record); however, multiple attempts to extract DNA from the limited tissue available to us did not render high-quality genomic extractions (however, see [19] for mitogenome data). All other taxa we sequenced were successful, producing an average of 3 299 141 reads, with an average of 332 exon-based loci and range of 57-405 exon-based loci across samples (electronic supplementary material, figure S2 and table S8). The final 410 exon-based loci ranged from 66 to 1683 bp with a total alignment length of 86 322 bp (table 2) . Our probes were effective across Decapoda, yielding more than 350 exon-based loci in all major lineages except Procarididea. Using our enrichment kit (probe sequences available from the Dryad Digital Repository: https://doi.org/ 10.5061/dryad.k7505mn [37] ), it will be possible for the community to easily sequence the same loci for large-scale phylogenomics spanning any decapods of interest. The majority of nodes were congruent across different analyses, albeit with different levels of support (figure 2; electronic supplementary material, figures S3 -S10), demonstrating that our large dataset is mostly cohesive and can resolve deep splits. We use the results from Bayesian inference with the CAT-GTR þ G amino acid substitution model as the 'best' topology (figure 2, first support square). This topology does not precisely match any previous result [18, 19, 21] . We include this tree over the Bayesian recoded topology (electronic supplementary material, figure S4 ) because it had more nodes resolved, with higher support. Nucleotide analyses (electronic supplementary material, figures S7 -S10) were not preferred because of both saturation in our data (electronic supplementary material, figure S11 ) and disagreement among results of different analyses [38] . . We tentatively support Dendrobranchiata and Pleocyemata, similar to transcriptomic results [22] . The polarity of the major characters separating these two clades, the lecithotrophic free-living nauplius larva in dendrobranchiates (as opposed to the egg-nauplius in pleocyemates), and brood care with eggs attached to the pleopods in pleocyemates, depends on whether Euphausiacea (krill) are most closely related to decapods, which we did not test. If euphausiids are the sister group of decapods, then pleocyemates have lost the free-living nauplius [39] ; otherwise, the free-living nauplius is convergent in euphausiids and dendrobranchiates [40] . Within Pleocyemata, all infraorders receive full support for their monophyly (figure 2). A single origin of the reptant or 'crawling/walking' decapods (Achelata, Polychelida, Astacidea, Axiidea, Gebiidea, Anomura and Brachyura) is strongly supported. Numerous morphological characters have suggested monophyly of Reptantia, such as a dorsoventrally flattened pleon, calcified body, anterior articulation of the mandibles formed by an elongated molar process, anteroposteriorly rotated walking legs, a short first pleomere and spermatozoa with at least three nuclear arms [6] . Monophyly of Reptantia is concordant with most previous results [21] , and almost certainly includes Glypheidea [19] .
Our posterior age estimate for the root of crown Decapoda (mean in the Late Ordovician at 455 Ma, 95% CI 512-412 Ma; figure 3 ) was substantially older than most previous estimates [5, 9, 11, 13, 41] , which largely fixed crown decapods in the Devonian. Our data include non-decapod outgroups, and the more crownward position of the Devonian calibration fossil Palaeopalaemon newberryi within Reptantia [35, 42] , resulting in older ages for deeper nodes.
(c) Evolutionary history of shrimp
Dendrobranchiate relationships are consistent (figure 2), except the aforementioned long-branch attraction of Lucifer to outgroups. Amino acid results place this perplexing decapod with Sergestidae (pelagic shrimp), as suggested by morphological analysis, especially spermatophore morphology [43] . Crown dendrobranchiates diverged in the Late Devonian (figure 3), with the two main clades Sergestoidea and Penaeoidea both diverging in the Pennsylvanian (approx. 100 Myr prior to previous estimates [44] ). Although our mean posterior age of crown Penaeidae (134 Ma) is younger than the phylogenetically justified Late Jurassic crown fossil Antrimpos speciosus [44] , which we did not use as a calibration, our 95% CI encompasses the fossil age of 151 Ma.
Among the pleocyemate shrimps, a sister group relationship between Stenopodidea (cleaner/boxer shrimp) and (Procarididea þ Caridea) is strongly supported (figure 2); similar topologies have been found from molecules and morphology [7, 10, 22] . The sister group relationship of Procarididea (anchialine shrimp) and Caridea is supported by four-gene molecular analyses, the extended second pleurite overlapping the first and third somites, phyllobranchiate gills and the form of the telson and uropods [5, 45] .
Within Caridea, we sampled eight families, compared with a maximum of 27 families in previous studies [17, 46] . Our results are broadly concordant within the limits of the taxa we sequenced, producing a strongly supported backbone topology upon which future studies can build. The deepest split within carideans was between Atyidae (freshwater shrimp) and all others (figure 2). Support for an alternative deep split of Atyidae and Oplophoridae from all other carideans was in some cases weak (electronic supplementary material, figures S8 and S10), or a polytomy (electronic supplementary material, figures S5 and S6). We support findings that the traditional concept of 'Alpheoidea' (snapping shrimp and allies) is not monophyletic and contains Palaemonidae (approx. 200 genera [17, 46] ). This larger Alpheioidea þ Palaemonidae clade contains the majority of caridean diversity, possibly including Amphionidacea [18] . We inferred younger posterior ages (figure 3) for the Procaridea-Caridea split (Pennsylvanian), and crown Caridea (Late Triassic), compared with previous analyses [5, 47] . body plan, which receives full support in all our analyses (figure 2). The relationships among lobster infraorders, however, are poorly resolved. Amino acid analyses suggest a sister group relationship between Polychelida (blind deep sea lobsters) and Astacidea (clawed lobsters and crayfish), some with less than 80% support (electronic supplementary material, figures S3 and S6). Recent mitogenomic work shows Glypheidea intervening as the sister group of Polychelida [19, 20] within a paraphyletic lobster grouping. It is difficult to predict how the addition of Glypheidea would affect our topology, as it is possible that the mitochondrial grouping results from long-branch attraction (both Glypheidea and Polychelida have species-poor crown groups and morphologically diverse stem groups that pre-date their crowns by greater than 150 Myr [14, 48] ).
Achelata, with the crown members united by their unique phyllosomal larval stage, are monophyletic (figure 2). Of the two constituent families, Scyllaridae (slipper lobsters) are monophyletic in all analyses. Palinuridae (spiny lobsters), however, are paraphyletic in some analyses (electronic supplementary material, figures S4, S7 and S10). Based on monophyletic Palinuridae (figure 3), their crown divergence occurred in the Late Triassic, and crown Scyllaridae in the Early Cretaceous (87 Myr younger than [14] ). These age estimates pre-date the wealth of Jurassic and Cretaceous fossil achelatan larvae [49] , implying bizarre stem-group representatives may have persisted throughout the Mesozoic alongside the crown. Our phylogenetic results also support the division of Palinuridae into distinct clades of Silentes and Stridentes, the latter bearing an enlarged antennular royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20190079 plate used in sound production in adults [14, 50] . The palinurid genera that are close to Scyllaridae in alternative results are the included members of Silentes, further supporting the auditory behaviour of Stridentes as a clade apomorphy, having diversified in the Jurassic.
Relationships within Astacidea were similar to a combined Sanger sequencing and taxonomic synthesis approach [51, 52] . Crown Astacidea diverged in the Pennsylvanian, and crown Nephropidae ('true' lobsters) diverged in the Early Jurassic ( figure 3) . The split between Southern Hemisphere crayfish (Parastacidae) and Northern Hemisphere crayfish occurred in the Middle Triassic around 241 Ma, prior to the breakup of Pangaea [14] .
(e) Evolutionary history of mud/ghost shrimp
The mud/ghost shrimps Axiidea and Gebiidea (formerly Thalassinidea) are not monophyletic [53] . Most of our amino acid analyses produce a paraphyletic mud shrimp group (figure 2), with limited but clear support for Axiidea as the sister group to the Gebiidea and Meiura clade (i.e. the 'Monochélie', or Monochelia, of de Saint Laurent [54] , which is strongly supported herein). There is precedent for our mud shrimp and crab clade based on morphology [6] , Sanger [13] and mitogenomic results [19] . The alternative hypothesis is mud shrimp polyphyly, with Axiidea as sister group to the lobster clade (electronic supplementary material, figures S5, S7 and S8). The loss of chelae on pereiopods posterior to the first was proposed as convergent in Meiura and members of Gebiidea [6] ; our topology suggests that this character is the eponymic synapomorphy of the Monochelia [53, 54] . Our divergence time analysis suggests that the mud shrimp þ crab clade diverged in the Late Devonian (figure 3), with crown Monochelia diverging in the Mississippian, and both crown Axiidea and crown Gebiidea in the Late Triassic. These posterior age estimates are older than previous studies [13] or a literal interpretation of the fossil record [55] .
(f ) Evolutionary history of crabs
The sister group relationship between Anomura ('false' crabs) and Brachyura (true crabs), forming together the Meiura, is strongly supported (figure 2). This is important because several Sanger analyses [5, 9, 12, 15, 18] purported to refute meiuran monophyly. Several synapomorphies have been proposed, such as a short asymmetric flagella on the antennule, bent exopods on the maxillipeds and fusion of ganglia [6] . Carcinization, the overall crab-like body plan including a flattened carapace with lateral margins, fused sternites and strongly bent pleon [56] has been suggested as a developmentally co-opted trait of Meiura with a 'tendency' to evolve repeatedly [57] . Our topology suggests at least three separately carcinized clades in Anomura, and one in Brachyura; however, increased taxon sampling will complicate character distribution [13, 56] and introduce secondary losses [58, 59] .
Within Anomura, we recover support for Hippidae (mole crabs) as the sister group of 'Paguroidea' (king crabs and most hermit crabs; figure 2) rather than the outgroup to all other anomurans [13, 60] . Precedent for a sister group relationship of Hippidae to Paguroidea comes from mitochondrial gene rearrangements [57] , the shape of the carapace and sternites [61] and characters of the foregut ossicles [62] . As in past molecular-only results [13, 60] , Parapaguridae are more closely related to Eumunididae (squat lobsters), rendering hermit crabs polyphyletic with potentially convergent evolution of asymmetrical pleons [60] . Recent mitogenome research [20] displayed dramatically different relationships among Anomura, including hermit crab polyphyly, but mitochondrial data are weaker for deep splits, as they represent a single locus. Posterior divergence estimates ( figure 3 ) from crown Anomura to crown Paguroidea span a narrow interval of about 22 Myr in the Late Triassic, with each node about 20 Myr older than previous estimates [13] . We recover these posterior ages based on only soft maximum priors (i.e. not minima) from the Late Triassic Platykotta akaina [13] , as it may be placed outside the meiuran crown group [63] . We also observe a conflicting split between Galatheoida and all other anomurans (figure 2), where preferred analyses support previous molecular-only results [13, 58] . These relationships could be clarified by sampling additional squat lobster and hermit crab groups. Our analyses strongly support the traditional morphological divisions within Brachyura (figure 2), with podotremes (represented by Dromiidae, or sponge crabs; gonopores located on the pereiopod coxa) as the deepest split in the Late Triassic (figure 3), and eubrachyurans divided into Thoracotremata (gonopores on the sternum) and Heterotremata (female gonopores on the sternum, male gonopores on the coxa). Each of the two eubrachyuran branches diverged in the Early Cretaceous, with diversification among families mainly in the Late Cretaceous. Within Thoracotremata, all our results reject monophyletic Grapsoidea (figure 2). The focal tree supports Sesarmidae as outgroup to other families; otherwise, it is either Plagusiidae (electronic supplementary material, figures S3-S5) or Varunidae (electronic supplementary material, figure S6 ). Within Heterotremata, we recover support for several clades that have been previously defined [11] , at least within our taxon sampling: Majoidea (spider and decorator crabs: Epialtidae, Inachoididae and Mithracidae), Xanthoidea (mud crabs: Panopeidae and Xanthidae) and Portunoidea (swimming crabs: Portunidae and Geryonidae). Within Majoidea, the family Epialtidae is paraphyletic with respect to Mithracidae, suggesting continued evaluation of larval morphology [11, 64, 65] . This is the best-supported region of the heterotreme tree. As we only sampled 19 of 96 total brachyuran families, important AHE target taxa include Raninidae, Cyclodorippidae, and Homolidae (all podotremes), Gecarcinidae and Pinnotheridae ( pea crabs, within thoracotremes), primary freshwater heterotremes [11] and xanthoid relatives.
(g) Divergence times
We present the posterior age results from divergence time analysis using the CIR clock model ( figure 3 ). Unlike in broader studies of arthropods [66] , posterior credibility intervals were similar for many deep nodes regardless of which clock model we applied (electronic supplementary material, figures S12-S13), although the CIR model was more precise overall than UGAM. The posteriors hewing close to the effective prior are not necessarily problematic [66 -68] . Similarities between effective prior and posterior distributions are also present for nodes we did not explicitly calibrate (electronic supplementary material, figure S13b), though they are free to vary according to the birth-death tree prior. This effect is less pronounced for non-reptantian nodes, which have scant fossil information and essentially uniform maxima [69] .
Overall, our divergence time estimates imply a significant cryptic history for decapods (figure 3), which may motivate revision of Palaeozoic fossils that have been suggested as decapods [63, [70] [71] [72] , in a more explicit phylogenetic framework. We infer a lack of cladogenesis among the deep lineages during the Permian, followed by diversification in most crown groups in the Triassic. Although molecular data alone cannot accurately estimate diversification [73] , it is striking that our divergence time analysis infers the modern decapod clades replaced ecological roles following the largest mass extinction 251 Ma, and became important members of the Modern evolutionary fauna [74] . Moreover, the most species-rich lineages, Caridea, Anomura and Brachyura, each show deep divergences during the Jurassic and familylevel diversification in the Cretaceous, concurrent with the radiation of modern reef-building corals [75] , a major habitat and source of biodiversity for these crustaceans [76, 77] .
Conclusion
Our well-resolved dated phylogeny may inform comparative evolutionary topics, such as the evolution of visual systems in deep sea and cave environments [51, 78] , evolution of major body plan features [13, 56, 79] , the role of symbiosis [80, 81] , evolution of behaviour [82] , macroevolutionary trends through time [76, 83] , conservation biology and vulnerability to climate change [41, 84] and more. Our new enrichment kit permits an inexpensive expansion of taxon sampling across Decapoda, via our large-scale matrix of loci conserved across 450 Myr, to accelerate discoveries in a fascinating invertebrate clade.
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